Adeno-associated virus (AAV) vector delivery of an Apaf-1-dominant negative inhibitor was tested for its antiapoptotic effect on degenerating nigrostriatal neurons in a 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) model of Parkinson's disease. The wildtype caspase recruitment domain of Apaf-1 was used as a dominant negative inhibitor of Apaf-1 (rAAV-Apaf-1-DN-EGFP). An AAV virus vector was used to deliver it into the striatum of C57 black mice, and the animals were treated with MPTP. The number of tyrosine hydroxylase-positive neurons in the substantia nigra was not changed on the rAAV-Apaf-1-DN-EGFP injected side compared with the noninjected side. We also examined the effect of a caspase 1 C285G mutant as a dominant negative inhibitor of caspase 1 (rAAV-caspase-1-DN-EGFP) in the same model. However, there was no difference in the number of tyrosine hydroxylase-positive neurons between the rAAV-caspase-1-DN-EGFP injected side and the noninjected side. These results indicate that delivery of Apaf-1-DN by using an AAV vector system can prevent nigrostriatal degeneration in MPTP mice, suggesting that it could be a promising therapeutic strategy for patients with Parkinson's disease. The major mechanism of dopaminergic neuronal death triggered by MPTP seems to be the mitochondrial apoptotic pathway.
T
he neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) causes a parkinsonian syndrome in humans and primates after selective uptake of its metabolite, MPP ϩ , into dopaminergic neurons. MPP ϩ is concentrated in the mitochondria according to the electrochemical gradient, where it selectively inhibits complex I of the electron transport chain. Complex I inhibition results in the inhibition of ATP production and loss of the mitochondrial membrane potential, leading to the death of nigral neurons (1) . MPP ϩ also induces opening of the mitochondrial transition pore (MTP) and the release of cytochrome c via a complex I-dependent, free radical-mediated process, which also may lead to cell death (2) . Various signals mediating cell death may be initiated through the release of cytochrome c by mitochondrial damage (3) . This pathway requires Apaf-1, which is responsible for the recruitment of procaspase-9. In the presence of dATP and cytochrome c, a 1:1 complex forms between Apaf-1 and procaspase-9, leading to the oligomerization-induced activation of caspase-9 (4, 5) and the subsequent activation of downstream caspases (6) .
Transgenic mice expressing a dominant negative mutation of caspase-1 show resistance to MPTP toxicity and neuronal death in amyotrophic lateral sclerosis or Huntington's disease models (7) (8) (9) , suggesting that the caspase-1 cascade may be one of the pathways responsible for neuronal death in various pathological conditions. We have been interested in determining the major pathway of MPTP toxicity among several apoptotic pathways. In the present study, we establish in vivo models of caspase cascade inhibition by using adeno-associated virus (AAV) vectors (T. Tuganezawa, M.M., H.M., and T.S., unpublished data; refs. 10 and 11). We have already established an AAV vector that produces persistent high levels of local expression after injection, with the intention of using it for further in vivo studies and for possible antiapoptotic gene therapy in patients with Parkinson's disease (PD) (12) (13) (14) .
For inhibition of the mitochondrial apoptotic cascade in this study, we generated a recombinant AAV vector that contained the caspase-recruitment domain (CARD) of Apaf-1 to block the Apaf-1͞caspase-9 pathway of cell death via dominant negative interference with the formation of a functional Apaf-1-caspase 9 complex (15) . For inhibition of the caspase-1 cascade, we used a caspase-1 C285G mutant as a dominant negative inhibitor of caspase-1 (7-9).
Methods
Recombinant AAV Vector. To construct a plasmid bearing the dominant negative truncated Apaf-1 transgene (Apaf-1-DN), the DNA fragment corresponding to the CARD of mouse Apaf-1 (1-97) was obtained by reverse transcription-PCR. After digesting the amplified fragment with BamHI and XhoI, the resulting fragment was ligated into a multiple cloning site (BamHI͞XhoI) of the pCDNA3-FLAG expression vector. The ICE dominant negative construct (pS33; mouse ICE C285G FLAG construct) was a kind gift from J. Yuan at Harvard Medical School, Boston.
The plasmid containing the complete AAV genome (psub201) and the AAV packaging plasmid (pAAV͞Ad) have been described (10) . pAAV-CAG-CARD-B19-EGFP or pAAV-CAGcaspase-1-DN-B19-EGFP was constructed with a cassette containing a chicken ␤-actin promoter͞cytomegalovirus enhancer (CAG promoter), CARD cDNA as an Apaf-1-dominant negative inhibitor or ICE dominant negative cDNA, a B19 promoter, enhanced green fluorescent protein (EGFP), and ␤-globin poly(A) inserted between the AAV inverted terminal repeats of psub201 (10) .
For generation of the recombinant AAV vector, subconfluent HeLa cells were cotransfected with the vector plasmid and the AAV helper plasmid (pAAV͞Ad) by using the calcium phosphate method. Cells were then infected with wild-type adenoThis paper was submitted directly (Track II) to the PNAS office.
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virus 5 at a multiplicity of infection of 10 in 10 ml of DMEM with 2% FCS for 1 h. After subsequent incubation for 72 h, cells were harvested and lysed with four freeze-thaw cycles. The lysate was centrifuged at 12,000 ϫ g for 10 min to remove cell debris and heated at 56°C for 30 min to inactivate adenovirus. Then, the lysate was applied to a sulfonated cellulose column (Seikagaku Kogyo, Tokyo) to concentrate the vectors as described previously (T. Tuganezawa, M.M., H.M., and T.S., unpublished data; ref. 11). After washing the column with PBS, the AAV vector was eluted with 10 mM phosphate buffer (pH 7.2) containing 1.0 M NaCl. The final titer of vectors was 5 ϫ 10 10 viral particles͞ml.
In Vitro Assay of Apoptosis Using rAAV-Apaf-1-DN-EGFP. Cells (293 cells at 2.5 ϫ 10 6 ͞ml) were cultured in 2 ml of DMEM with 10% FCS͞100 units/ml penicillin͞100 g/ml streptomycin at 37°C under humidified air͞5% CO 2 , and apoptosis was induced with 1 M staurosporine, a protein kinase inhibitor. To assess viability, the cells were stained by trypan blue stain (Sigma) and counted by a blinded operator. Nonviable, apoptotic blue cells were small and round, whereas viable cells were flat (16) . The percentage of apoptotic blue cells relative to the total number of cells was calculated.
Assay of in Vitro Caspase-3 Activation. Procaspase-3-FLAG was synthesized in vitro by using a TNT T7 quick-coupled transcription͞translation system kit (Promega) and pM130 as a template (600 ng͞reaction). Procaspase-3-FLAG was incubated with S100 extracts prepared from 293 cells as indicated (Fig. 1d) . Each sample was subjected to 15% SDS͞PAGE, followed by Western blotting by using an anti-FLAG M2 mAb (Sigma), an anti-␣-tubulin antibody (Santa Cruz Biotechnology), horseradish peroxidase-conjugated anti-mouse IgG (Amersham Pharmacia), and ECL-PLUS (Amersham Pharmacia).
Immunoblotting. Proteins separated on 15% Tris͞Tricine gel were transferred to a nitrocellulose membrane and incubated with the primary antibody followed by the horseradish peroxidaseconjugated secondary antibody. Then, the reaction products were visualized by using a chemiluminescence reagent (Amersham Pharmacia). The primary antibodies were anti-FLAG and anti-EGFP antibodies.
Intrastriatal Injection. Male C57͞BL mice (8 weeks old, 18-20 g; Charles River Breeding Laboratories) were used. All stereotaxic surgical procedures were performed aseptically under anesthesia with pentobarbital (10 mg͞kg) and ketamine hydrochloride (6 mg͞kg). After each mouse was placed in a stereotaxic frame, 4 l of the vector suspended in PBS was injected into the striatum (AP ϩ 1.0, medial lateral 2.0, DV Ϫ3.0) over 5 min by using a 5-ml Hamilton syringe.
Two weeks after vector injection, the mice received four i.p. injections of MPTP-HCl (30 mg͞kg; Research Biochemicals, Natick, MA) in saline at 24-h intervals.
Behavioral Analysis. One week after MPTP injection in each mouse, full-body turns were monitored for 30 min after the injection of apomorphine (0.5 mg͞kg, i.p.).
Histology. Each mouse was perfused via the aorta with PBS followed by ice-cold 4% paraformaldehyde while under deep pentobarbital anesthesia. Then, 30-m nigral sections were cut and were immunostained with a mAb for tyrosine hydroxylase (TH) (Chemicon), or with a mAb for GFP. In addition, sections were stained for anti-FLAG or anti-activated caspase-3 (PharMingen) with polyclonal antibodies. The corresponding secondary antibodies [donkey anti-mouse FITC or Texas red and donkey anti-rabbit FITC or Texas red (Jackson ImmunoResearch); 1:250] were pooled, and sections were incubated with these antibodies for 2 h at room temperature, followed by washing in PBS. The sections were then examined by confocal scanning laser microscopy, with the collected signals undergoing digital color enhancement before superimposition.
For cell counting, the substantia nigra was cut into serial sections, and every third section was subjected to immunostaining for TH with a polyclonal antibody (a kind gift from I. Nagatsu, Fujita Health University, Aichi, Japan). The number of viable TH-positive neurons was assessed by manual counting by using coded slides for blinding.
Results
In Vitro Antiapoptotic Effect of rAAV-Apaf-1-DN-EGFP. For in vitro experiments, we first created rAAV-Apaf-1-DN-EGFP using a pAAV-CAG-CARD-B19-EGFP vector (Fig. 1a, x) . Then, we confirmed successful Apaf-1-DN expression and detection of the EGFP transgene after infection (5 ϫ 10 10 viral particles per ml) into 293 cells. We then used Western blotting to confirm the expression of CARD and EGFP in the cells 24 h after transduction (Fig. 1b) .
To assess antiapoptotic activity, 293 cells were pretreated with rAAV-Apaf-1-DN-EGFP and incubated with 2 M staurosporine. When cell viability was determined after 24 h by using trypan blue staining, treatment with rAAV-Apaf-1-DN-EGFP was shown to significantly inhibit cell death caused by staurosporine. A similar antiapoptotic effect of Apaf-1-DN was reported by Liu (17) (Fig. 1c) .
We also examined the inhibitory effect of Apaf1-CARD-FLAG protein on cytochrome c-mediated caspase activation. S100 lysates containing Apaf1-CARD-FLAG were prepared, and then the effect on dATP͞cytochrome c-dependent activation of caspase-3 was tested. As shown in Fig. 1d , addition of Apaf1-CARD-FLAG significantly reduced the processing of procaspase-3 by cytochrome c and dATP.
Striatal Expression of EGFP and Apaf-1-DN Genes. Mice received an injection of the AAV vector encoding Apaf-1-DN-EGFP (rAAV-Apaf-1-DN-EGFP) into the striatum and were killed after 2 weeks. As a control, we injected rAAV-EGFP into the striatum of other mice (n ϭ 3). All injections were localized to the putamen, as confirmed by standard staining procedures. All mice receiving rAAV-Apaf-1-DN-EGFP displayed prominent immunoreactivity for EGFP and Apaf-1-DN-FLAG in the left striatum (the injected side) (Fig. 2 a-c) . In contrast, none of the mice receiving AAV-EGFP displayed specific FLAG immunoreactivity in the left striatum.
Hematoxylin and eosin-stained sections of the striatum and substantia nigra revealed a normal cytoarchitecture without significant evidence of cytotoxicity. Macrophages were occasionally observed within the needle tracks. Gliosis was similar in all treated groups and was principally confined to the region immediately surrounding the needle track (Fig. 2d) .
Retrograde Transport of Recombinant AAV. Many cells of various neuronal subtypes expressed EGFP at the primary injection site. However, EGFP expression was also detectable in distant secondary brain areas, including the substantia nigra. Fibers labeled for EGFP were found in the nigrostriatal pathway, and EGFPpositive cells were double-labeled for Apaf-1-DN-FLAG immunoreactivity in the ipsilateral substantia nigra (Fig. 3 a-c) . Confocal microscopy after staining with other antibodies revealed cells expressing TH in the pars compacta of the substantia nigra, which is characterized by a high content of dopaminergic cells (Fig. 3 d-f ). These findings suggested that the AAV vector was transported to areas distant from the injection site.
Apaf-1-DN Prevents MPTP-Induced Dopaminergic Cell Death. Delivery of AAV-Apaf-1-DN prevented MPTP-induced dopaminergic neuronal cell death within the left substantia nigra (injected side) when compared with the right side (noninjected side) (Fig.  4a) . On the contralateral side to vector injection, all mice displayed dramatic loss of TH-immunoreactive neurons within the right substantia nigra (Fig. 4b) . In contrast, the left substantia nigra showed evidence of neuroprotection in all four mice injected with AAV-Apaf-1-DN-EGFP (Fig. 4c) . AAV-EGFP was injected into the left striatum (Fig. 4d ) of control mice (n ϭ 3), and TH-positive neurons were counted in the left substantia nigra. We also counted TH-positive neurons in the substantia nigra on the AAV-Apaf-1-DN-EGFP-injected and noninjected sides, revealing that the number of dopaminergic neurons was significantly greater on the injected side than on the noninjected side (Fig. 4d) . Chronic MPTP administration induced activated caspase-3-positive cells and pyknotic neurons in the substantia nigra (Fig. 4 f-i) . On the noninjected side, a few antiactivated caspase-3 and TH-positive cells (Fig. 4 f-i) were observed, but there were no activated caspase-3-positive cells on the injected side (Fig. 4 j-m) .
We also directly showed the behavior analysis as the clinical improvement by the injection of AAV-Apaf-1-DN-EGFP (Fig. 4n) .
Caspase-1-DN Did Not Prevent MPTP-Induced Neuronal Cell Death in
Vivo. To evaluate the relationship between the caspase-1 cascade and MPTP-induced neuronal death, we also established an overexpression system for a caspase-1 C285G mutant as a caspase-1 dominant negative inhibitor by using the same AAV vector and the same method as for rAAV-Apaf-1-DN-EGFP (Fig. 1a, y) . Overexpression of this caspase-1 C285G mutant prevents trophic factor withdrawal-induced apoptosis in vitro (18) and ischemia-induced brain injury in vivo (19) .
Expression of the caspase-1 mutant in 293 cells was demonstrated by immunoblotting (Fig. 5a ). We then injected this vector into the left striatum and treated the animals with MPTP (n ϭ 3) as in the first experiment. When the expression of caspase-1-DN and EGFP in neurons of the striatum and substantia nigra was examined using immunohistochemistry (Fig. 5b) , caspase-1-DN showed similar expression to Apaf-1-DN, but the number of TH-positive cells did not differ between the injected and noninjected sides (Fig. 5 c-e) . We also detected EGFP and caspase-1 mutant expression in the dopaminergic neurons on the injected side (Fig. 5 f-h ).
Discussion
In this study, we generated overexpression of Apaf-1 CARD as an Apaf1-dominant negative inhibitor in MPTP parkinsonian mice and clearly showed that inhibition of this major mitochondrial apoptotic cascade rather than the caspase-1 cascade could prevent MPTP toxicity in vivo. In humans and nonhuman primates, MPTP causes a severe and irreversible PD-like syndrome. There is increasing evidence implicating apoptosis as a major mechanism of cell death after exposure to MPP ϩ , an in vitro parkinsonian model (20, 21) . It has also been demonstrated that chronic administration of MPTP is associated with evidence of apoptotic cell death in the substantia nigra (22) . To inhibit such cell death, we focused on the major cascade of apoptosis mediated by MPTP. The MTP has been suggested to be a mediator of cell injury and death via a major apoptotic cascade (3) . The MTP opens in response to various stimuli, including oxygen radicals and inhibition of the electron transport chain. It is well known that MPP ϩ inhibits mitochondrial complex I and generates free radicals (1) . MPP ϩ is reported to release cytochrome c and open the MTP by inhibition of complex I and the production of reactive oxygen species (2) . Also, protease-activated receptor 4 (Par-4) levels are increased in the dopaminergic neurons of monkeys and mice exposed to MPTP (23) . Par-4 is a protein that contains both the leucine zipper and death domains. It is up-regulated in prostate tumor cells undergoing apoptosis and has been shown to promote mitochondrial dysfunction (23, 24) . The cell death cascade may be initiated by the release of cytochrome c after mitochondrial damage (3). Apaf-1 subsequently aggregates caspase-9 in the presence of dATP and cytochrome c, leading to the activation of caspase-9, and then caspase-3 is activated by caspase-9 to induce apoptosis.
The effects of various recombinant Apaf-1 CARD domains on the activation of procaspase-9 have been investigated, and it has been shown that the recombinant wild-type CARD domain inhibits proteolytic cleavage of procaspase-9 (15). When Apaf-1 CARD is overexpressed, Apaf-1 binding with caspase-9 still occurs, but subsequent aggregation does not take place. Overexpression of Apaf-1 CARD thus acts as a dominant negative inhibitor. Our results indicate that inhibition of Apaf-1͞ caspase-9 pathway by overexpression of Apaf-1 CARD might also provide a method for in vivo interruption of the apoptotic pathway. Because this specific caspase dominant negative inhibitor provided significant protection against MPTP toxicity rather than the caspase-1 dominant negative inhibitor, it seems likely that the mitochondrial apoptotic cascade is involved in MPTPrelated cell death.
Transgenic mice expressing caspase-1-DN are reported to show resistance to MPTP toxicity (7). However, an AAVderived caspase-1 dominant negative inhibitor did not inhibit MPTP toxicity in our mouse model. There are some possible reasons for these differences. IFN-␥ or IL-1␤ derived from glial cells may induce neuronal death. The neuron-specific enolase promoter driven by dominant negative caspase-1 may be also expressed by glial cells in transgenic mice and may inhibit the production of IL-1␤ as well as IFN-␥. In our model mouse, most of the recombinant gene was expressed in the neurons, not in glial cells, so it did not prevent the production of cytotoxic cytokines by glial cells. Because we found a difference of the antiapoptotic effect against MPTP-mediated cell death between Apaf-1-DN and caspase-1-DN despite their similar levels of expression, it seems likely that the mitochondrial apoptotic pathway is the main pathway of neuronal death related to MPTP.
EGFP and FLAG immunoreactivity were observed in the neurons of the substantia nigra after striatal injection of the AAV vector. Such positive staining was clearly distinct from that at the injection site and was consistent with the known striatal target structures, suggesting that AAV injection resulted in retrograde transport of CARD and EGFP. Because we used AAV vectors expressing the EGFP and Apaf-1-DN gene driven by a CAG promoter (composed of a cytomegalovirus immediate early enhancer and a chicken beta-actin promoter) (25) , anterograde transport would be detected as AAV gene transfer if the CAG promoter induced sufficient expression in vivo. We have previously shown that employment of a strong promoter allows the effective and longterm expression of transferred genes using this system (T. Tuganezawa, M.M., H.M., and T.S., unpublished results). More important, the combination of transgene expression at the primary injection site and in secondary projection areas via retrograde transport may allow transduction of cells in target regions that are difficult to approach directly.
The role of apoptosis in PD is still controversial. We and other groups have found evidence of apoptosis based on morphological criteria or in situ end labeling (26) (27) (28) , whereas other investigators have not (29, 30) . It is very difficult to determine whether neuronal death occurs by apoptosis or necrosis in postmortem studies on PD patients. However, neuronal apoptosis seems to have an important role in PD, as several reports have suggested a correlation between apoptotic molecules and nigral cell death in this disease (31, 32) . Mitochondrial respiratory failure and oxidative stress also seem to be two major contributors to nigral neuronal death in PD. Our present results suggest that Apaf-1-DN might be a potentially useful treatment for PD as antimitochondrial apoptotic gene therapy (12) (13) (14) .
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